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Objective: Osteoarthritis (OA) pain mechanisms are poorly understood. We used the monosodium
iodoacetate (MIA) model of knee OA to characterize changes in excitability during the course of OA in
different classes of mechanosensitive afferents projecting to joint-associated tissues, and examine
whether these afferent responses and pain behavior are correlated.
Methods: Rats were injected intra-articularly with MIA (1 mg in 50 ml). Hind-limb weight bearing was
studied 3 (MIA3) and 14 (MIA14) days after MIA, followed by deep anesthesia and teased-nerve-ﬁber
recordings. Spontaneous activity (SA) and mechanically evoked responses of A- and C-mechanosensi-
tive ﬁbers (AM and CM respectively, probably nociceptive) innervating tissues associated with the
ipsilateral knee joint were examined.
Results: MIA3 and MIA14 rats exhibited reduced ipsilateral weight bearing. SA (>0.02 impulses/s)
occurred inw50% of CMs from MIA rats vs 0% in normals. SA ﬁring rates in CMs were signiﬁcantly higher
than normal; decreased weight bearing was correlated with increased CM SA rates. Neither percentages
of AMs with SA (20%) nor their ﬁring rates (0e0.01 impulses/s) signiﬁcantly increased after MIA.
In contrast, in MIA rats AMs, but not CMs, exhibited decreased mechanical thresholds and increased
ﬁring rates in response to suprathreshold mechanical stimulation.
Conclusions: These ﬁndings of increased SA ﬁring rate in CMs but not AMs and increased mechanical
sensitivity of AMs, but not CMs, have not previously been reported. These are two distinct important
physiological mechanisms that may underpin spontaneous pain (CMs) and stimulus-evoked pain (AMs)
in OA. Our data contribute to a mechanism-based understanding of OA pain.
 2012 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Pain is a dominant symptom of osteoarthritis (OA) with
evidence supportive of peripheral afferent input causing pain in
most patients with knee OA1. OA pain is often activity-
independent, described as aching and burning in character
(ongoing spontaneous pain), interspersed with activity-dependent
(movement-evoked) episodes of sharp and stabbing pain2. The
degree of local (knee-associated tissues) sensitization, and the.F. Donaldson, Department of
ersity of Bristol, BS8 1TD, UK.
Donaldson).
ntre, School of Biosciences,
Loughborough, Leicestershire
s Research Society International. Ppatients’ clinical pain intensity are related3. Subchondral bone,
periosteum, synovium, ligaments, and the joint capsule are richly
innervated and could be sources of nociceptive input in OA.
However, the mechanism(s) of OA pain and the nature of the
afferent ﬁbers contributing to different aspects of OA pain both
remain poorly understood.
Studies of the mechanisms underlying OA pain require animal
models that replicate OA joint pathology as well as associated pain
symptoms. Injection of monosodium iodoacetate (MIA), a chon-
drocyte metabolism inhibitor, into rat knee joints produces
a reproducible and robust model of OA pain4. MIA produces
a transient inﬂammation, rapid degradation of cartilage and early
subchondral bone changes within 7 days post-injection4. Hence,
this model replicates many of the histological changes observed in
human OA as well as pain-behavior evoked by stimulation of joint-
associated-tissues, including weight bearing, consistent with
activity-related pain in OA patients2,4,5.ublished by Elsevier Ltd. All rights reserved.
Fig. 1. Set-up for recording of knee joint primary afferent ﬁbers. A photograph taken
down the dissecting microscope is shown of the recording set-up. For recordings of
mechanoreceptive primary afferents innervating the knee joint via the MAN, ﬁne
ﬁlaments of the saphenous nerve are placed onto bipolar recording electrodes. Open
circles illustrate example sites of receptive ﬁelds of joint-associated afferents. Black
dotted lines show the extents of the femur and tibia.
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related peptide (CGRP) and sometimes also substance P have been
detected throughout the knee joint, capsule, ligaments, menisci,
periosteum, subchondral bone, and ﬁbrocartilagenous structures6.
Immunocytochemical and electrophysiological changes occur in
primary afferent neurones following MIA7e10. McDougall’s group
reported spontaneous activity (SA) and increased mechanical
sensitivity in joint-associated afferents 14 days post-MIA, but did
not report A- and C-ﬁber afferent responses separately7,8,11. A- and
C-ﬁber nociceptors subserve different pain qualities, express
different transduction molecules, and show distinct changes
following inﬂammation12e14. Therefore an understanding of
changes in properties of C- and A-ﬁber nociceptors after MIA is
fundamental to an understanding of causes of different types of
pain, and how to target it therapeutically by a ﬁber-type speciﬁc
and mechanism-based approach.
The aim of our study on identiﬁed C- and A-ﬁber joint-
associated afferents was to identify changes in function that may
underpin different pain symptoms (evoked or non-evoked/
spontaneous/ongoing) and the extent and timeframe over which
these changes occur. We report the SA, mechanical thresholds and
evoked activity for C- and A-ﬁber mechanoreceptors. We relate
these measures to pain behavior and joint histopathology, none of
which has previously been reported.
Methods
Animals
Procedures were performed in accordance with the Animal
(Scientiﬁc Procedures) Act 1986 and were UK Home Ofﬁce licensed.
Male Wistar rats (250e300 g, B&K Universal Ltd, UK) were housed
up to four per cage and maintained on ad libitum food and water
with a 12 h light/dark cycle.
Drugs
Naþ pentobarbital (Sigma, UK) was dissolved in 10% ethanol,
20% propylene glycol, 70% distilled water. MIA (Sigma, UK) was
dissolved in saline.
Induction of OA by MIA
Anesthesia was induced (3% isoﬂurane in O2) and once areﬂexia
was achieved, 1 mg MIA in 50 ml saline was injected through the
patellar tendon into the left knee joint. Rats were returned to the
home cage and monitored daily. Comparisons were made to
normal/naive rats (not saline-injected controls), because (1) this is
a study of OA rather than of MIA per se, and thus any contribution of
saline injection to OA development is part of the model, and (2)
intra-articular vehicle (saline) injection alone does not, over
14 days, affect OA or inﬂammation measures including hind-limb
weight bearing, knee diameter, or mobility5,15,16.
Weight bearing measurements
An incapacitance tester (Linton Instrumentation, UK) was used
to measure ipsilateral (injected) and contralateral (non-injected)
limb weight distribution. As a minimum, rats were tested imme-
diately prior to electrophysiology (3 and 14 days post-MIA); some
were tested on day 1 (pre-MIA) and some 14-day rats were also
tested at day 3. Rats were placed in an angled plexiglass chamber
positioned so that each hind paw rested on a horizontal force-
transducing plate. The weight (g) borne by each hind limb was
averaged over 3 s; readings were taken in triplicate and meanvalues calculated. Results are ipsilateral hind-limb weight bearing
as a percentage of total weight borne by both hind limbs (no change
w50%).
Surgical procedures for electrophysiological recording
Anesthesia was induced with sodium pentobarbital (60 mg/kg,
i.p) in normal rats (n¼ 11) and in rats 3 (3-day) (n¼ 24) and 14
(14-day) (n¼ 14) days following intra-articular MIA-injection.
Weight ranges of the different groups were the same (250e300 g).
The external jugular vein and trachea were cannulated for mainte-
nance of anesthesia (20 mg/kg/h, i.v) and airway clearing, respec-
tively. Core body temperature was maintained (36.5e37.5C) with
a heating lamp controlled via a feedback unit connected to a rectal
temperature probe. The lower part of the leg under study was
attached and stabilized with modeling clay on a platform. Skin and
connective tissues overlying the anterior and medial aspects of the
left knee and the medial aspect of the thigh were incised from the
inguinal fossa to a point immediately below the medial condyle of
the tibia and reﬂected to expose subcutaneous tissues. A pool was
created using this skin and ﬁlled with warmed (37C) mineral oil
(Sigma, UK). The rat saphenous nerve innervates themedial aspect of
the hind limb including, via the medial articular nerve (MAN), the
medial aspect of the knee17. In MIA treated (n¼ 38) and normal
(n¼ 11) rats, the left saphenous nerve (ipsilateral to MIA-injection)
was dissected free from connective tissue in the inguinal fossa.
This was proximal to the branch point of the MAN, and therefore
contained knee-joint afferent ﬁbers. The saphenous nerve was
sectioned centrally in the inguinal region to prevent recording of
antidromic afferent activity and at a point just distal to the knee joint,
to prevent recording afferent activity from more distal limb parts.
This left the MAN intact between the knee joint and recording site.
Throughout recordings the joint was in its midrange position. For the
set-up, see Fig. 1.
Extracellular recording of knee joint-associated primary afferent
neurones
We followed the technique for recording primary afferent ﬁber
activity from rat knee joint afferents described previously18. The
proximal cut end of the saphenous nerve was placed on a dental
mirror, teased into ﬁlaments and the ﬁlaments placed onto bipolar
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individual ﬁber was identiﬁed by probing the structures over and
around the knee joint with a hand-held glass probe. Units had
receptive ﬁelds in structures accessible to local mechanical stimu-
lation over the medial aspect of the joint capsule, the medial
collateral ligament and surrounding tissues (Fig.1). Nerve ﬁlaments
were teased until they contained a small number (2e3) of identi-
ﬁable afferent ﬁbers that had action potential (AP) shapes that
could be sorted (Spike2 software, Cambridge Electronic Design
(CED), UK). Multiple units were studied in each animal; only units
with non-overlapping receptive ﬁelds were characterized, in order
to avoid sensitization. Afferents with SA, but without detectable
local mechanosensitivity, were excluded.
For each single ﬁber, the occurrence of any SA was recorded for
5 min and average ﬁring frequency (1 s bins) determined. Then,
responses of units to sequential application of 12 hand-held von
Frey monoﬁlaments (Linton Instrumentation, UK) in ascending
order (0.07e15 g) were recorded. Responses to each monoﬁlament
(5 s stimulation) were recorded and a 5 min interval was used
between the last ﬁlament of one sequence (15 g) and the ﬁrst of the
next (0.07 g). This stimulation was repeated until stable and
reproducible responseswere obtained (3e5 times). Responseswere
quantiﬁed as mean ﬁring frequency during each 5 s mechanical
stimulus. The timing of monoﬁlament application to the receptive
ﬁeld was marked by the use of a foot pedal connected to the data
acquisition unit (micro1401, CED, UK). Mechanical thresholds were
calculated as theminimumvon Freymonoﬁlament weight required
to evoke activity (2 APs, above background activity). At the end of
the recording period, conduction latencies were recorded between
electricalmonopolar stimulation (up to 30 V, 0.5 ms at 0.3 Hz) of the
center of their receptive ﬁeld and the onset of evoked APs.
Conduction distances were estimated along the length of nerve that
runs through the curve of the limb between the stimulation and
recording sites. Conduction velocities (CVs) ranged from 0.07 to
19 m/s (C- and A-ﬁber range). C-ﬁbers had CVs <1.3 m/s, based on
our published compound AP recordings (same preparation and
conditions), and CV frequency distribution19. C- and A-mechano-
sensitive ﬁbers are abbreviated to CM and AM respectively. Most
AM-ﬁbers were Ad-ﬁbers (up to 15 m/s), plus three AMs that were
faster conducting Ab-ﬁbers (16e19 m/s, two in 14-day rats, one in
normal rat). Recorded activity was ampliﬁed, digitally ﬁltered and
captured by a micro1401 (CED, UK) and computer interface, for off-
line analysis using Spike 2 software (CED, UK).
Preparation of tissue for histological analysis
In n¼ 18 MIA experiments (nine 3-day, nine 14-day rats) at the
end of electrophysiological recording, rats were perfused trans-
cardially with 200 ml of ice-cold heparinized saline and 250 ml of
ice cold fresh 4% paraformaldehyde in 0.1 M phosphate buffered
saline. Ipsilateral and contralateral knee joints were removed mid-
femur and mid-tibia. Skin and muscle tissues were removed and
samples were post-ﬁxed (10% neutral buffered formalin). Joints
were decalciﬁed (TBD-2 Anatomical Pathology International, UK) at
room temperature for 2 weeks, cut into two in the longitudinal
plane, through the center of the patella and parafﬁnwax embedded.
Non-serial representative sections containing principal joint struc-
tures (e.g., femur, patella, tibia, capsule, synovium) were taken by
sectioning medially from the joint midline. Two sections per joint
(10e14 mm)were placed ontogelatin-coated slides and stainedwith
hematoxylin and eosin, or toluidine blue. They were scored for
histological changes indicative of OA, particularly changes in carti-
lage, based onhistopathological features describedpreviously20 and
inﬂammation using a simpliﬁed scoring system, based on similar
scoring systems used in inﬂammatory arthritis21,22. Degree ofarthritic change and inﬂammation were scored independently on
examination of the two sections from each joint, according to the
presence of the following progressive features: OA: 0¼ no change;
1¼ ghosting (weak staining) of chondrocytes and pyknotic
(shrunken, dark) nuclei; 2¼ proteoglycan loss; 3¼ subchondral
bone remodeling (evidence of remodeling siteswith osteoclasts and
osteoblasts on subchondral plate and trabeculae); 4¼ subchondral
bone exposure. Inﬂammation; 0¼ no inﬂammation; 1¼mild
inﬂammatory inﬁltrate in subsynovium; 2¼ dense inﬂammatory
inﬁltrate in subsynovium; 3¼ synovitis (inﬂammatory inﬁltrate
involving synovium); 4¼ hyperplastic synovium and dense
inﬂammatory cell inﬁltrate. As a variety of changeswere detected in
sections from the same joint, the score given related to the most
severe change, e.g., where features of scores 1, 2 and 3were present,
the score givenwas 3. The observer (LFD) was blinded to treatment.
Statistical analysis
Analysis was performed using Prism v4/5 (Graphpad Software,
CA, USA). To compare twogroups of data, non-parametric testswere
used, ManneWhitney and for ipsilateral vs contralateral values,
paired Wilcoxon tests. To compare more than two groups,
KruskaleWallis with Dunn’s post test was used. Spearman’s rank
correlation was used to determine relationships between variables.
Contingency table comparisons (2 2) were made with Fisher’s
exact test. Values of P< 0.05were considered signiﬁcant. * indicates
P< 0.05, **P< 0.01, ***P< 0.001.
Results
MIA-induced pain behavior and joint histopathology
Three-day and 14-day rats exhibited a signiﬁcant reduction5,20
in ipsilateral hind-limb weight bearing (median 32.1%, 40.5%
respectively) compared to pre-injection weight bearing (50.3%)
[Fig. 2(A)]. These magnitudes of reduction were similar to previous
reports. The reduction was signiﬁcantly greater at 3-day than
14-day.
MIA-injected rats showed similar ipsilateral vs contralateral
histopathological features compared to those previously
described20 [Fig. 2(B)]. At day 3, ghosting of chondrocytes, inﬂam-
matory inﬁltrate and synovial thickening were evident. At day 14,
there was also fragmentation of cartilage and some remodeling of
subchondral bone. Scores for OA were signiﬁcantly increased in
ipsilateral joints at 14 days (n¼ 9, P¼ 0.0274) but not 3 days (n¼ 9)
(Wilcoxon matched pairs test) [Fig. 2(B)], whereas inﬂammation
scores were signiﬁcantly increased [Fig. 2(C)] at both time points.
Ipsilateral median 3-day inﬂammation scores were slightly, but not
signiﬁcantly (P¼ 0.141) higher than 14-day scores. Ipsilateral
median 14-day OA scores were higher, but not signiﬁcantly
(P¼ 0.06), than 3-day scores. There was no signiﬁcant correlation
between ipsilateral weight bearing and histopathology scores for
either OA [Fig. 2(D)] or inﬂammation [Fig. 2(E)] at 3-day or 14-day
or both together. In 3/9 3-day and 3/9 14-day rats, histopathological
changes were also seen in contralateral joints [Fig. 2(B)], consistent
with previous ﬁndings that unilateral arthritis can induce bilateral
articular cartilage degeneration23 and that MIA can induce
a contralateral histological response16.
Electrophysiological recordings
Knee joint primary afferent characteristics
Eighty-four mechanosensitive ﬁbers with knee joint-associated
receptive ﬁelds were studied. These ﬁbers had CVs that placed
them either into the C- (n¼ 56), Ad- or Aab-ﬁber (n¼ 28) ranges.
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Fig. 2. Weight bearing, knee joint OA and inﬂammation scores with MIA-induced OA. (A) 3-day and 14-day rats exhibited a signiﬁcant reduction in ipsilateral hind-limb weight
bearing (compared with pre-MIA baseline). Each data point is the mean of triplicate values of ipsilateral weight bearing (g) as a percentage of total hind-limb weight bearing. (B and
C) Ipsilateral vs contralateral comparisons of histological scores of knee joint sections fromMIA-injected rats. (B) OA scores were signiﬁcantly increased at 14 days; (C) inﬂammation
scores were signiﬁcantly increased at 3 days and 14 days, especially 3 days. For OA and inﬂammation scores see Methods. (D and E) Non-parametric Spearman’s tests for 3 days and
14 days together between ipsilateral weight bearing and (D) histological scores for OA or (E) inﬂammation scores showed no correlations. Note for comparison that scores for OA
and inﬂammation would be 0 for naïve animals based on previous studies16,50. Lines in A, B and C are median values. Statistical analyses were performed with KruskaleWallis with
Dunn’s post tests (A) and Wilcoxon matched pairs tests (B, C), *P< 0.05, **P< 0.01, **P< 0.001.
S. Kelly et al. / Osteoarthritis and Cartilage 20 (2012) 305e313308CV ranges were similar across groups. These ﬁbers had receptive
ﬁelds on the medial aspect of the knee joint (Fig. 1); they could be
activated by noxious and/or non-noxious mechanical stimuli
suggestive of nociceptive function (see below), and consistent with
previous studies of knee joint afferents7,8,24,25.
Single unit SA of knee joint-associated afferents
After MIA, at both 3 and 14 days, many more mechanosensitive
ﬁbers showed SA. This SA was much greater in CMs compared to
AMs, as can be seen when SA rates of all units (i.e., with or withoutSA) were plotted against their ﬁber CVs (Fig. 3). There were no
normal units [Fig. 3(A)] with SA greater than 0.1 impulses/s (dotted
line on graphs), and CMs accounted for all but one unit with SA
after MIA; the exception was one AM, ﬁring rate 0.1 impulses/s.
Many 3-day and 14-day CMs had SA >0.1 impulses/s, up to 1.3
(3-day), or 0.93 (14-day) impulses/s [Fig. 3(B)].
Compared to ﬁbers from normal animals, CM but not AM SA
ﬁring rates were increased at both 3-day (P¼ 0.0379,
ManneWhitney) and 14-day [Fig. 4(A), CMs at 3-day; P¼ 0.0379,
ManneWhitney].
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Fig. 3. SA in knee joint mechanosensitive afferent ﬁbers. (A) Normal rats, (B) 3-day and 14-day rats. Fibers from normal rats had no or extremely low (<0.01 impulses/s) SA ﬁring
rates. Increased SA rates in 3-day and 14-day rats were predominantly in CMs (CVs< 1.3 m/s vertical line). All ﬁbers with an SA ﬁring rate of >0.1 impulses/s (horizontal dotted line)
were in MIA rats and had C-ﬁbers except one Ad-ﬁber that had a slow CV and a slow ﬁring rate. Each data point represents the mean frequency of spontaneous ﬁring of a single ﬁber
recorded over a 5 min period plotted against the CV for that ﬁber.
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ﬁring rates [Fig. 4(A)], of the normal ﬁbers, 2/7 CMs had SA (ﬁring
rates 0.003 and 0.006 impulses/s) and 2/10 AMs (ﬁring rates
0.003 and 0.01 impulses/s). In comparison at 3 days, 12/17 CMs
had SA (range¼ 0.003e1.34 impulses/s) but only 3/9 AMs
(range¼ 0.003e0.1 impulses/s); at 14 days, 8/12 CMs had SA
(range¼ 0.001e0.93 impulses/s) and only 1/9 AMs (ﬁring rate
0.01 impulses/s).
The percentage of CMs with SA> 0.02 impulses/s [dotted line
Fig. 4(A)] was signiﬁcantly greater at both 3 days (53%) and 14 days
(50%) compared to normal animals (0%) (P¼ 0.03 3 days and
14 days, Fisher’s exact test), but percentages did not differ between
3 days and 14 days [Fig. 4(B)].
Correlation analysis of SA in CMs and AMs with pain behavior and
histopathology
For those rats in which weight bearing and unit SA were both
measured, there was a signiﬁcant correlation between proportion
of hind-limb weight borne ipsilaterally and log10 SA ﬁring rate for
CMs [r¼ 0.58, Spearman’s rank correlation coefﬁcient, P¼ 0.0405,
Fig. 4(C)] but not AMs [Fig. 4(D)].
No signiﬁcant correlation was found between SA and either OA
or inﬂammation scores whether 3-day and 14-day data were
analyzed separately or together (data not shown).
Responses of CMs and AMs to mechanical stimulation in MIA and
normal rats
Rates of mechanically evoked ﬁring in CMs and AMs increased in
response to increasing intensities of von Frey monoﬁlament stim-
ulation (0.07e15 g) (Fig. 5). For CMs, there was some indication of
encoding up to weights of w6 g but not from 8 to 15 g (Fig. 5). Incontrast, responses of AMs encoded stimulus intensity throughout
the range tested both normally and afterMIA [Fig. 5(C,D)]. Encoding
into or through this noxious range suggests that both CMs and AMs
can be classed as nociceptive.
For CMs, the median ﬁring rates evoked were, surprisingly,
decreased after MIA (3-day and 14-day) compared to normal over
the mid-intensity weight range but there was very high variability
and this decrease was not signiﬁcant [Fig. 5(A)]. Median evoked
responses in CMs were similar at 3 days and 14 days [Fig. 5(B)].
AMs, in contrast to CMs, had stimulus response curves that
shifted to the left for 3-day plus 14-day data [Fig. 5(C)] and for
3 days and 14 days separately [Fig. 5(D)], compared to normal rats,
indicating mechanical sensitization. This shift resulted in all AMs
(3-day plus 14-day) having signiﬁcantly greater evoked responses
at weights between 0.4 and 6 g [Fig. 5(C)]; medians for both 3 days
and 14 days appeared greater than normal [Fig. 5(D)] over this
range, but the increase reached signiﬁcance only for 3-day
medians.
The mechanical thresholds (2 APs above background activity)
were unchanged in CMs after MIA. For AMs in both 3-day and
14-day rats, however, they were signiﬁcantly lower than in normals
with no signiﬁcant difference between 3 days and 14 days
[Fig. 5(E)].
For neither CMs nor AMs were mechanical thresholds, or
mechanical responses correlated with either weight bearing or
histopathology (data not shown).
Discussion
We have examined the sensory properties of identiﬁed C- and
A-ﬁber knee joint-associated mechanosensitive afferents (CMs and
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Fig. 4. SA rates, SA incidence and weight bearing. Abbreviations: 3: 3-day; 14: 14-day rats. (A) SA rates of CMs and AMs were both very low in normal rats. After MIA, SA rates
increased in CMs (signiﬁcant at 3 days, ManneWhitney) but not AMs. SA rates in CMs were signiﬁcantly greater than in AMs at 3 days and 14 days (ManneWhitney). (B) The
percentage of CMs with ﬁring rates >0.02 impulses/s was signiﬁcantly greater at 3 days and 14 days compared with normal CMs (Fisher’s exact test). Numbers of units in each group
are shown above the columns. (C, D) The percentage of weight borne ipsilaterally was signiﬁcantly correlated with log10 SA rates in CMs (C) but not in AMs (D) (Spearman’s rank
correlation). Open circles denote normal, 3-day (gray ﬁlled), and 14-day (black ﬁlled) ﬁbers.
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differences that have not previously been reported. Overall, we
found increases in both spontaneous ﬁring andmechanosensitivity.
Importantly, these excitability changes were seen in different ﬁber
groups (CM vs AM). Increased spontaneous ﬁring occurred in CMs
whereas increased mechanical sensitivity was found in AMs. If
these changes are mirrored in human, then human pain symptoms
of ongoing OA pain may result from C-ﬁber SA, and activity-
dependent OA pain may be related, at least in part, to increased
sensitivity of A-ﬁber nociceptors2. These ﬁndings are a ﬁrst step in
gaining a mechanism-based understanding of how better to
approach OA pain treatment.
A recent study in a surgical OA model in guinea pigs is, to our
knowledge, the only one that has attempted to report the responses
of A- and C-ﬁber knee afferents independently26. Functional
changes in both ﬁber types in sham operated control animals may
have obscured any OA-related changes in their OA model and is
likely to have occurred as a consequence of nerve ﬁber damage and
inﬂammation following opening of the joint capsule. Here we used
naïve normal animals and a low dose of MIA (1 mg) that minimizes
inﬂammation27 so that effects of joint degradation should not have
been masked by any concurrent marked inﬂammatory response.
Other studies have reported on the responses of primary afferent
neurones in OA models in the rat7,8,11,28. The McDougall group has
made important observations of increasedmechanical sensitivity of
joint-associated afferents in MIA-injected (3 mg) rats7,8,11,29.
However, they have not reported the separation of functional
changes between C- and A-ﬁber afferents. None of the abovementioned studies quantiﬁed pain behavior and therefore a link
between changes in excitability of joint-associated afferents and
pain was not directly made. They classiﬁed ﬁbers with CVs up to
2.5 m/s as C-ﬁbers; the same upper limit as reported for cat 24,30e32.
Our rat compound AP measurements19,33 show the upper C-ﬁber
CV borderline in rat to bew1 m/s, and similar values were found for
guinea pig34. Thus in the present study ﬁbers conducting at
1.3e2.5 m/s were classed as A-ﬁbers. This may explain why differ-
ential changes in the function of A- and C-ﬁbers have not been
previously reported. In a surgical model of OA, Henry’s group28
showed electrophysiological changes in Ab-ﬁbers projecting to
the entire hind limb, but they did not speciﬁcally examine afferents
innervating joint-associated tissues.
SA in C-ﬁber nociceptors has been reported in models of joint35
and cutaneous inﬂammation36,37, as well as peripheral nerve
injury37. Interestingly, we ﬁnd only w40e45% of CM-ﬁbers ﬁre
spontaneously (>0.1 impulses/s) following MIA; a percentage
similar to that for C-nociceptors after skin inﬂammation37,38 and
partial nerve injury37,39 but lower than that in inﬂammatory
arthritis in the cat30,31. The causes of C-ﬁber SA may include
changes in afferent properties, or changes in the environment of
the ﬁbers or both. A recent study reported a decreased number of
small DRG neurones backlabelled from MIA treated joints, which
may suggest injury to the nerve terminals40. The presence of SA in
a proportion of C-ﬁbers may suggest differences in their sensitivity
to chemicals generated during the pathological response and/or the
relative expression of certain ion channels and trophic factor
receptors.
Fig. 5. Mechanically evoked responses of CMs and AMs after MIA. (A and B) Responses of CMs compared to normal responses (seven ﬁbers), were not signiﬁcantly altered in 3-day
(33 ﬁbers) and 14-day (16 ﬁbers) data together (A) or separately (B), although MIA values tended to be lower. (C and D) Compared to normal AMs (nine ﬁbers), stimulus response
curves for AMs at 3 days (10 ﬁbers, all Ad) and 14 days (9 ﬁbers, 7Ad, 2Ab) were shifted leftward for both 3 days and 14 days combined (C) or separately (D). Asterisks indicate
signiﬁcantly greater responses after MIA compared with normal at weights indicated. (E) Median mechanical thresholds (shown on a log10 scale) were unchanged in CMs after MIA.
In AMs thresholds were not different between 3 days and 14 days (ManneWhitney) but were signiﬁcantly reduced at 3 days (KruskaleWallis with Dunn’s post tests) and in 3-day
combined with 14-day data (ManneWhitney test). Y axis, evoked spikes (impulses/s) (average over 5 s application of von Frey ﬁlament). X axis: log10 weight of the von Frey
monoﬁlament weight (0.07e15 g) applied to the center of the receptive ﬁeld. In all graphs medians are shown. In A and C: 3-day and 14-day data were pooled; vertical lines indicate
the interquartile range, and ManneWhitney tests were carried out between all MIA and normal. In B and D, data for 3 days and 14 days are shown separately, tests were
KruskaleWallis followed by Dunn’s post tests, normal vs 3 days and normal vs 14 days.
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to altered nociception37. We previously demonstrated a correla-
tion between the rate of SA (occurring in w30% of C-ﬁbers) and
spontaneous pain in rat pain models37. This link was supported
by recent ﬁndings that desensitization of transient receptor
potential vanilloid 1 (TRPV1) afferent ﬁbers abolishes sponta-
neous pain42,43. The robust alteration in pain behavior in relation
to low (<0.1e>2 impulses/s) SA rates37 shows that low ﬁring
rates are sufﬁcient to cause behavioral responses37. This issupported by the present correlation between SA in C-ﬁbers and
pain behavior (decreased weight bearing). Note spontaneous foot
lifting was not examined. Analgesia-induced conditioned place
preference has been suggested to reﬂect ongoing/spontaneous
pain in the MIA model44. It is not clear whether weight bearing
deﬁcits are a good indicator of spontaneous pain in this model,
although if spontaneous ﬁring in C-nociceptors causes sponta-
neous pain, the correlation that we found between weight
bearing and CM ﬁring rates suggests a link. However, further
S. Kelly et al. / Osteoarthritis and Cartilage 20 (2012) 305e313312studies are needed to fully determine the relationship between
C-ﬁber SA and spontaneous pain in MIA rats.
The very low incidence and low rate of SA in AMs in the MIA
model contrasts with ﬁndings of greater SA in A-ﬁbers in previous
studies of short term (w6 h) inﬂammatory (kaolinecarrageenan)
arthritis30,31 and with Complete Freund's Adjuvant (CFA)-induced
cutaneous inﬂammation (up to 4 days)37. This may suggest
different mechanisms of peripheral sensitization, or temporal
differences between the inﬂammatory (CFA and kaolin) and
degradative (MIA) models.
The decreased mechanical thresholds of the AMs in MIA rats
provide evidence for a peripheral basis of mechanical hypersensi-
tivity in OA. The tendency for CMs to become less responsive was
unexpected; although not signiﬁcant, this may be consistent with
injury of articular C-ﬁber terminals in this model45. Evidence from
rat and human OA suggests a relationship between pain experi-
enced and mechanical sensitization of primary afferents that
innervate joint-associated structures3,10. Our recorded afferents
encoded von Frey mechanical stimulation through the noxious
range (C-ﬁbers failed at the top end of the range25), suggesting that
they are nociceptors. However, the precise tissues that they
innervate have not been identiﬁed; the most likely sites are those
immediately beneath the site of stimulation on themedial aspect of
the knee. These are likely to be comparable to those stimulated in
human OA studies in which pressure pain thresholds are reduced3.
We identiﬁed and characterized the mechanical sensitivity of our
units with von Frey monoﬁlaments rather than joint rotation. The
use of von Frey monoﬁlaments in studies on joint associated-
afferents responses is an approach used by Schaible and
Schmidt24,25,30,31,35, Iggo46,47, and McQueen48,49 and has contrib-
uted greatly to the understanding of the properties of these affer-
ents. The effects of MIA-induced OA on the sensitivity of
joint-associated afferents to a full range of mechanical stimulus
intensities have not previously been reported. Our von Frey stim-
ulus response curves provide this additional information and
detailed information on A- and C-ﬁber mechanical sensitivity
following MIA.
This is the ﬁrst report of two different important physiological
mechanisms in relation to different ﬁber types (CMs and AMs) that
may underpin spontaneous (C-ﬁber) pain and stimulus-evoked
(A-ﬁber) pain in OA. Our ﬁndings in the rat (1) contribute
towards a mechanism-based understanding of the factors involved
in generating OA knee pain and (2) suggest that therapies targeted
at reversing these changes in these two groups of nociceptor
innervating joint-associated tissues (local sensitization) would be
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